This work examines the association between symbols and their representation in adult developmental dyscalculia and dyslexia. Experiment 1 used comparative judgment of numerals, and it was found that in physical comparisons (e.g., 3-5 vs. 3-5) the dyscalculia group showed a significantly smaller congruity effect than did the dyslexia and the control groups. Experiment 2 used Navon figures (D. Navon, 1977) in Hebrew, and participants were asked to name the large or the small letters. Phoneme similarity modulated performance of the control and the dyscalculia groups and showed a very small effect in the dyslexia group. This suggests that the dyscalculia population has difficulties in automatically associating numerals with magnitudes but no problems in associating letters with phonemes, whereas the dyslexia population shows the opposite pattern.
Throughout the evolution of human culture, written symbols such as digits and letters have been developed for broadening channels of communication. The written system is a unique achievement of the human species, which has enabled the development of human technology and science. Yet, by the end of the 19th century, cases of children and adults with difficulties in writing had already been observed (e.g., Hinshelwood, 1917; Morgan, 1896; Orton, 1937) , and by the end of the 20th century, cases of children and adults with problems in calculation (Steeves, 1983) had been described. These phenomena are traditionally called developmental dyslexia and dyscalculia.
It has been shown that during the first years of life children make rapid progress toward becoming competent symbol users (DeLoache, 2004) . In this article, we aim to understand the relation between the development of symbolic competence in different symbolic domains, that is, digits and letters. Specifically, we are interested in determining whether a difficulty in one domain also appears in the other.
Developmental Dyslexia
Children with developmental dyslexia show an inconsistency between reading abilities and intelligence. Today, it is a wellaccepted fact that dyslexia is a neurological disorder with a lifelong resistance, that is, it continues into adulthood. The phonological theory postulates that children suffering from dyslexia have a specific impairment in the representation, storage, or retrieval of speech sounds (phonemes). Because reading requires learning the grapheme-phoneme correspondence, that is, the association between letters and elementary sounds of speech, a poor representation, storage, or retrieval of the appropriate sounds jeopardizes the ability to read (Bishop & Adams, 1990; Bradley & Bryant, 1983; Castles & Coltheart, 2003; Goswami, 2003 ; for a review see McCandliss & Noble, 2003; S. E. Shaywitz, 2003; Snowling, 1991; Stanovich, 1988) . However, see for example, Bailey, Manis, Pedersen, and Seidenberg (2004) , Castles and Coltheart (1993) , and Stanovich, Siegel, and Gottardo (1997) , for a discussion about subtypes of developmental dyslexia.
A case has also been made for impairment in the brain's visual mechanisms of reading as a possible contributing factor in developmental dyslexia, leading to the magnosystem hypothesis. The reduced visual magnocellular sensitivity of some people suffering from dyslexia may cause poor eye control and this limits their ability to acquire, in particular, orthographic skills (e.g., Jenner, Rosen, & Galaburda, 1999; Stein, 2001; Stein & Walsh, 1997) . Finally, one interpretation of available evidence points to dyslexia as a multisystem deficit, possibly based on a fundamental incapacity of the brain to perform tasks requiring processing of brief stimuli in rapid temporal succession (e.g., Gelfand & Bookheimer, 2003; Poldrack et al., 2001 ). However, it should be noted that even those theories that object to the phonological theory do not question the existence of a phonological deficit and its contribution to reading problems. Hence, these theories argue that the phonological deficit is just one feature of dyslexia and that the disorder extends to general sensory, motor, or learning processes (e.g., Facoetti et al., 2003; Ramus, 2001 Ramus, , 2003 . In addition, a greater genetic contribution was found in children suffering from phonological dyslexia compared with surface dyslexia (i.e., people with particular difficulty in reading irregular words; see, e.g., Castles, Datta, Gayan, & Olson, 1999) .
Because of their deficits, people suffering from dyslexia perform poorly on tasks requiring phonological awareness, that is, conscious segmentation and manipulation of speech sounds. The common argument, which is focused on the phoneme level, is that phonological awareness is important for the acquisition of early reading skills. Given that letters typically represent individual phonemes, a child needs to be aware of the phonemic parts in spoken words before learning the rules of grapheme-phoneme correspondence (e.g., Wagner & Torgesen, 1987) . On the other hand, in their review article Castles and Coltheart (2003) argued that it might be that . . .once children acquire reading and spelling skills, they change the way in which they perform phonological awareness tasks, using their orthographic skills, either in addition to or instead of their phonological skills, to arrive at a solution. So, on this account, the ability to perceive and manipulate the sounds of spoken language does not assist literacy acquisition, nor does the acquisition of reading and spelling ability affect phonological awareness. Rather, the association between the two arises because both are, to a greater or lesser degree, indices of orthographic skill (p. 95; see also Share, 1995; Share & Stanovich, 1995) . Accordingly, it might be very interesting to determine whether people that do have deficits in phonological awareness tasks but have had many years of practice with grapheme to phoneme connections might still have problems in this domain, that is, in their ability to relate graphemes to phonemes is not fully automatic or efficient.
It should be noted that although the phonological theory suggests that people suffering from dyslexia have problems in their ability to associate phonemes with their representative letters, research has been mainly directed to phonological awareness and less to the ability to automatically associate letters with phonemes (but see, e.g., Castles & Coltheart, 2003; McCandliss & Noble, 2003; B. A. Shaywitz et al., 2002) . We examine whether adults suffering from developmental phonological dyslexia, who have had many years of practice with reading, have deficits in the ability to automatically associate letters with phonemes.
Developmental Dyscalculia
Developmental dyscalculia (or mathematics disorder in the Diagnostic and Statistical Manual of Mental Disorders; 4th ed.; American Psychiatric Association, 1994 ) is a deficit in the processing of numerical and arithmetical information and is associated with neurodevelopmental abnormalities (for a review see Ardila & Rosselli, 2003; Geary, 2004) . Children suffering from developmental dyscalculia fail in many numerical tasks, including performing arithmetical operations, solving arithmetical problems, and using numerical reasoning. Most of the developmental dyscalculia studies have been directed to higher level, school-like concepts such as addition and multiplication (Ansari & KarmiloffSmith, 2002) . Accordingly, research has focused on general cognitive functions like poor working memory span (Bull & Scerif, 2001) , disorders of visuospatial functioning (Bull, Johnston, & Roy, 1999) , or deficiency in the retrieval of information (e.g., arithmetic facts) from memory (Kaufmann, Lochy, Drexler, & Semenza, 2004) . From an empirical perspective, the tasks that are used to diagnose selective deficits in developmental dyscalculia frequently use test batteries designed for individuals with brain lesions. These batteries use a pencil-and-paper approach, which makes it difficult to produce an accurate and detailed analysis of the underlying deficient processes (Ansari & Karmiloff-Smith, 2002 ; but see, e.g., Geary, Hamson, & Hoard, 2000; and Koontz & Berch, 1996 , who used a computerized numerical version of a stimulus matching task). Hence, the argument of some researchers in the field of developmental dyscalculia that this deficit does not include difficulties in basic numerical processes (e.g., Ansari & Karmiloff-Smith, 2002; Bull et al., 1999; Bull & Scerif, 2001) , such as the automatic association of numbers and quantities, should be carefully scrutinized.
Recently, Rubinsten and Henik (2005) used an approach derived from cognitive psychology. They used a conflict situation (i.e., Stroop-like task) and asked participants to compare physical sizes of digits and to ignore their numerical values (e.g., for 3 8, the physically larger digit is 3). Whereas the control group produced the regular numerical congruity effect-longer reaction times (RTs) to incongruent than to congruent stimuli (Algom, Dekel, & Pansky, 1996; Besner & Coltheart, 1979; Girelli, Lucangeli, & Butterworth, 2000; Henik & Tzelgov, 1982; Pansky & Algom, 1999; Rubinsten, Henik, Berger, & Shahar-Shalev, 2002; Schwartz & Ischebeck, 2003; Schwarz & Heinze, 1998; Tzelgov, Meyer, & Henik, 1992; Vaid & Corina, 1989) , the dyscalculia group produced a significantly smaller effect. This suggests that people suffering from developmental dyscalculia have difficulties in automatically associating internal representations of magnitude with Arabic numerals (see also Girelli et al., 2000; Landerl, Bevan, & Butterworth, 2004) . This suggestion is supported by neurofunctional findings, which point to a strong connection between developmental dyscalculia and deficits in processing basic numerical information. It has been shown that particular developmental mathematical difficulties involve the parietal lobes. 1 Children with Turner Syndrome demonstrate a decrease in brain activity in the parietal lobes or have an abnormal structure of these lobes (Molko et al., 2003) . Similarly, Isaacs, Edmonds, Lucas, and Gadian (2001) found that children with very low birth weight who suffer calculation deficits show a reduction in gray matter in the left inferior parietal lobe. It seems that people suffering from developmental dyscalculia do not associate magnitudes with written digits automatically. The question is whether this is a general problem; that is, do these people have problems in associating any written symbol with its mental representation?
The Present Research
The purpose of the present article is to determine whether people suffering from developmental learning disabilities have a 1 The parietal lobes are considered to be involved in the representation and manipulation of magnitudes (Cohen Kadosh et al., 2005; Dehaene & Cohen, 1995) . For example, by using fMRI Fias, Lammertyn, and Reynvoet (2003) found that a certain area in the left intraparietal sulcus was specifically responsive to abstract magnitudes. This area was activated when participants compared magnitudes of various stimuli (i.e., angles, lines, two-digit numbers). In addition, slightly anterior to this site the authors identified a region particularly involved in number comparison (see also Eger et al., 2003, who found that numbers compared with letters andgeneral difficulty in automatically associating symbols with their mental representations, or is this difficulty specific to letters in the case of dyslexia and to digits in the case of dyscalculia. Notice that several researchers have already argued that people with dyslexia have problems in the automaticity of reading. However, they defined automaticity as the speed with which a range of stimuli (i.e., words) is processed (Nicholson & Fawcett, 1990; Raberger, 2003; Wolff, 2002; Wolff, Michel, Ovrut, & Drake, 1990; Yap & Van Der Leij, 1994) . Generally, people suffering from learning disabilities, both developmental dyscalculia and dyslexia, show slower reaction times (e.g., Koontz & Berch, 1996; S. E. Shaywitz, 2003) . For example, they are both slower compared with controls in the numerical Stroop task. Hence, studying general slowness in dyscalculia and in dyslexia has several shortcomings. First, it cannot help in differentiating between these two groups. Second, general slowness is involved in nonnumerical and nonphonological tasks as well. Accordingly, by using an approach derived from cognitive psychology paradigms (e.g., Stroop) that examine implicit processing (i.e., automatic processing), the mental processes that distinguish between these two groups can appear. Hence, contrary to research that defines automaticity as the speed of processing, we examine a more extreme version of automaticity; the presentation of implicit processing of irrelevant information (Tzelgov, Henik, Sneg, & Baruch, 1996) . We were able to achieve this end by using two different paradigms that separately examine implicit processing of either sounds of speech or numerical values.
In the first experiment, we used a Stroop-like paradigm with one block in which the numerical values of the digits were irrelevant to the participant's decision concerning the physical sizes of the digits and with the other block in which the physical sizes of the digits were irrelevant to the participant's decision concerning the numerical values of the digits. This paradigm enabled us to test the ability of our participants (with developmental dyslexia and dyscalculia) to automatically associate digits with magnitudes. We hypothesized that the ability of students suffering from developmental dyscalculia (compared with students with developmental dyslexia and controls) to automatically or efficiently process quantities associated with Arabic numerals might be damaged. The students with developmental dyscalculia could be trapped at a particular developmental stage. The comparison of the patterns of their performance and that of elementary school children (i.e., results provided in Girelli et al., 2000; Rubinsten et al., 2002) would point to basic deficiencies in developmental dyscalculia.
In the second experiment we used Navon figures (Navon, 1977; Robertson, Lamb, & Zaidel, 1993) , in which single Hebrew letters (i.e., global) were written or built up of smaller letters (i.e., local) that sound the same (i.e., a "same sound" trial; e.g., the Hebrew letter that sounds like /t/ was written with small letters of that sound also like /t/; see Figure 1 ) or of letters that sound different (i.e., a "different sound" trial; e.g., the Hebrew letter that sounds like /t/ was written with small letters of that sound like /k/; see Figure 1 ). The participant's task was to name either the large letter (global) and to ignore the composite small letters or, in a different block, to name the small letters (local) and to ignore the large letter. If participants have problems in automatically associating letters with phonemes, then the presentation of two different letters having the same phoneme might not interfere with their naming (because each letter is not strongly or automatically associated with its own phoneme). In contrast, if they have no deficit in associating letters with their phonemes, that is, each letter is strongly or automatically associated with its own phoneme, then the presentation of two different letters with the same phoneme will interfere with their naming.
It should be noted that the present research is important to both cognitive theories of normal processing and to the field of learning disabilities. Because the assessment of learning disabilities and methods for improvement of such disabilities require careful analysis of component skills (Ansari & Coch, 2006; Rayner, Foorman, Perfetti, Pesetsky, & Seidenberg, 2001) , this work could have important implications both for the teaching of reading and mathematics and for the diagnosis and rehabilitation of people with learning disabilities.
Experiment 1
This experiment examines distance and numerical congruity effects with dyscalculia, dyslexia, and control groups. We asked our participants to compare digits that varied in both numerical and physical dimensions. The participants evaluated (in different blocks) the physical size or the numerical value of digits. We used three numerical distances: 1 (e.g., 2-3), 2 (e.g., 2-4), and 5 (e.g., 2-7). Numerical distance was manipulated independently of the congruence between the physical and numerical dimensions of the stimuli.
We also examine the interference and facilitatory components of the numerical congruity effect by using neutral conditions. In a neutral stimulus, the irrelevant dimension does not interfere or facilitate the decision. We wanted to examine interference and facilitation because Posner (1978) suggested that facilitation is an indicator of automaticity, whereas interference might reflect more attentional processing.
Note that in this paradigm, especially in the numerical decision task (i.e., deciding which one of two presented digits is numerically larger while ignoring their physical sizes), the distance effect might appear, that is, the larger the numerical difference between two digits, the shorter the time required to decide which digit is larger (Moyer & Landauer, 1967) . For example, it takes longer to decide that 8 is larger than 6 than to decide that 8 is larger than 1. This distance effect has been reported in numerous studies (e.g., Dehaene, 1989; Dehaene, Dupoux, & Mehler, 1990; Duncan & McFarland, 1980; Henik & Tzelgov, 1982; Moyer & Landauer, 1967; Schwarz & Heinze, 1998; Tzelgov, Meyer, et al., 1992) . It has been postulated that the source of the distance effect is the overlap between representations of numbers. That is, the internal semantic representations of close numbers, such as 1 and 2, overlap more than those of more distant numbers (Dehaene & Akhavein, 1995; Gallistel & Gelman, 1992) .
Method Participants
Fifty-one students from Ben-Gurion University of the Negev participated in the experiment. All were native Hebrew speakers and were paid for participating in the experiment. Seventeen of them were diagnosed as having developmental dyscalculia, 17 were diagnosed as suffering from developmental dyslexia, and the other 17 were the control group. It should be noted that all the participants (not including the control group) suffered either from developmental dyscalculia or developmental dyslexia but not from both; that is, double deficit individuals were excluded.
The developmental dyscalculia group. All the students in this group (14 men, among whom 12 were right handed, and 3 women, all of whom were right handed; age: M ϭ 23.9 years, SD ϭ 2.1) were diagnosed at least once in their past as suffering from dyscalculia. They were never diagnosed as suffering from other developmental learning disabilities such as dyslexia, dysgraphia, or attention-deficit/hyperactivity disorder (ADHD). We used an age-standardized test of arithmetic skills based on the neurocognitive model of arithmetic proposed by McCloskey, Caramazza, and Basili (1985) , which was composed by Shalev, Auerbach, and Gross-Tsur (1995;  for the description of the procedure see Shalev, Manor, Amir, & GrossTsur, 1993) . We added several items to Shalev et al.'s battery to avoid a floor effect. All of these students were diagnosed as suffering from developmental dyscalculia according to the research criteria. Before running the present experiment and for comparison reasons, 41 normal university students from Ben-Gurion University of the Negev (in addition to the 17 developmental dyscalculia students) did all the tests in the battery (see also Appendix A and Table 1 in this article).
For reading assessment, we used a reading test that was composed and published by Shalev and his colleagues (Shalev et al., 1993; Shalev, Manor, Auerbach, & Gross-Tsur, 1998) and standardized for the purpose of Shalev et al.'s (2001) study. We added several items to Shalev et al.'s battery (see the current Appendix B and Table 2 ). Before running the present experiment and for comparison reasons, 41 normal university students from Ben-Gurion University of the Negev (in addition to the 17 developmental dyscalculia students) did all the tests in the battery. It was found that our students suffering from developmental dyscalculia did not have any reading problems, and there were no significant differences in the scores of any one of the reading tests, even in the normal range.
Scores of each individual on the Raven Progressive Matrices were converted to IQ scores, which yielded a mean IQ of 109 (SD ϭ 1.40). Note. Numbers in parentheses indicate the number of tasks involving each mathematical operation. The results of Part 1 of the arithmetic battery (number comprehension and production) are not presented in this table because all of these scores were intact, and there was no significant difference among the three groups.
The developmental dyslexia group. All the students in this group (13 men, among whom 11 were right handed, and 4 women, all of whom were right handed; age: M ϭ 24.1, SD ϭ 1.8) were diagnosed at least once in their past as suffering from dyslexia. They were never diagnosed as suffering from any other developmental learning disability such as dyscalculia, dysgraphia, or ADHD. We tested them by using the abovementioned reading test (Shalev et al., 1993 (Shalev et al., , 1998 Shalev et al., 2001 ). All of these students were diagnosed as suffering from developmental dyslexia according to the research criteria (see Appendix B and Table 2 ). In addition, they did the age-standardized test of arithmetic skills that was mentioned above (Shalev et al., 1993 (Shalev et al., , 2001 . It was found that they did not have any mathematical problems (see Table 1 ). Scores of each individual on the Raven Progressive Matrices Tests were converted to IQ scores, which yielded a mean IQ of 104 (SD ϭ 1.6).
The control group. All the students in this group (13 men, among whom 10 were right handed, and 4 women, all of whom were right handed; age: M ϭ 22.1 years, SD ϭ 3.1) were never diagnosed as suffering from dyscalculia, dyslexia, or any other learning disability. All of them did the arithmetic, reading and Raven's Progressive Matrices Tests, which did not show any learning disability (see Tables 1 and 2 ). Their mean IQ score was 109 (SD ϭ 1.5).
Note that in both the arithmetic and the reading battery, each participant was diagnosed separately according to Shalev and colleagues' (Shalev et al., 1993 (Shalev et al., , 1998 Shalev et al., 2001 ) age-standardized test of arithmetic and reading skills. Because we added several items to the tests, we also compared the scores of each participant with the scores of the 41 students (presented in Tables 1 and 2 ). Only if a participant was found to have deficits, both according to Shalev et al.' s standardized test and according to our own norms, was he or she considered to be suffering from dyscalculia or dyslexia. We then used analysis of variance (ANOVA) to look for significant differences between the three groups.
Stimuli
A stimulus display consisted of two digits that appeared at the center of a computer screen. The center-to-center distance between the two digits was 10 mm. The participant sat 60 cm from the screen, and the stimuli subtended a horizontal visual angle of 0.7°-1.2°. Each participant performed two kinds of comparisons. In one comparison, the relevant dimension was the physical size, and in the second it was the numerical value. In every block there were 432 different stimuli. Within the set of stimuli prepared for the size and the number comparisons, each digit and each physical size appeared on both sides of the visual field an equal number of times (hence there were a total of 864 trials in each block). The 432 stimuli included 144 congruent, 144 incongruent, and 144 neutral pairs of digits. A congruent stimulus was defined as a pair of digits in which a given digit was larger on both the relevant and irrelevant dimensions (e.g., 5 3). A neutral stimulus was defined as a pair of digits that differed only on the relevant dimension (e.g., 5 5 in the size task and 5 3 in the numerical task).
An incongruent stimulus was defined as a pair of digits in which a given digit was simultaneously larger on one dimension and smaller on the other (e.g., 3 5).
The digits 1-9 were used, with the digit 5 excluded. There were three numerical distances: 1 ϭ the digits 1-2, 3-4, 6 -7, 8 -9 ; 2 ϭ the digits 1-3, 2-4, 6 -8, 7-9 ; and 5 ϭ the digits 1-6, 2-7, 3-8, 4 -9 . Each distance included four different pairs of digits. For the physical size dimension we used eight different stimuli that created a set similar to the set of the numerical stimuli (i.e., four different pairs for each physical size distance). We chose these specific size levels because they created a semilogarithmic function similar to the pattern in which numbers are presented (Cohen Kadosh & Henik, in press; Dehaene, 1989) . Recently, Melara and Algom (1996) suggested matching various dimensions in order to avoid effects of general discriminability among stimulus dimensions. Accordingly, in a separate study, all physical stimuli were matched to the numerical stimuli on participants' reaction times. Accordingly, there were eight different sizes (i.e., height of the printed Arabic numeral): 11, 12, 13, 14, 15, 16, 19 , and 21 mm. These physical sizes were used to create 12 different pairs with three different size distances. The size distance of 1 (small size distance) was composed of pairs with heights 11-12, 13-14, 15-16, and 19 -21 mm. The size distance of 2 (medium size distance) was composed of pairs with heights 11-13, 12-14, 15-19, and 16 -21 mm. The size distance of 5 (large size distance) was composed of the following pairs: 11-15, 12-16, 13-19, and 14 -21 mm.
Neutral stimuli in the physical size comparison included the same digit in two different physical sizes. In order to keep the factorial design, we created the neutral stimuli from the digits that were used for the other two conditions (congruent and incongruent). For example, because the pair 2-3 was used to produce congruent and incongruent stimuli for a numerical distance of 1 unit, neutral pairs created by using these two digits (e.g., 2 2 and 3 3) were included in the analysis as neutral trials for numerical distance 1. Similarly, because the pair 2-4 was used to produce the congruent and incongruent conditions for a numerical distance of 2 units, neutral pairs created by using these two digits (e.g., 2 2 and 4 4) were included in the analysis as neutral trials for numerical distance 2. Each digit from all four pairs of a given numerical distance could create two pairs of stimuli for each one of the physical distances. This was because each 
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physical size could appear on both sides of the fixation point. Hence we had twice as many neutral trials compared with the congruent or the incongruent trials (remember that in the incongruent and congruent trials each stimulus was composed of two different digits and not of one as in the neutral trials). For example, the digit 2 could create six neutral stimuli: two in size distance of 1, two in size distance of 2, and two in size distance of 5 (e.g., for physical size distance of 1: 2-2 or 2-2, one digit of the pair was 11 mm and the other 12 mm or vice versa; for physical size distance of 2:
2 2 or 2 2, one digit of the pair was 11 mm and the other 13 mm or vice versa; and for size distance of 5: 2 2 or 2 2, one digit of the pair was 11 mm and the other 15 mm or vice versa). In order to keep the number of neutral stimuli the same as the other two conditions (i.e., congruent and incongruent), we randomly chose only one of the two possible stimuli (e.g., 2-2 or 2-2) for a given physical distance. Neutral stimuli in the numerical comparison included two different digits in the same physical sizes and were created in the same way as the neutral stimuli in the physical size comparison.
In short, each block had 27 different possible conditions: 3 (physical size distances) ϫ 3 (numerical distances) ϫ 3 (congruency conditions). Each condition had 32 trials: 4 (stimuli for each numerical distance) ϫ 4 (stimuli for each physical distance) ϫ 2 (sides) for a total of 864 trials per block.
Before every experimental block, participants were presented with 54 practice trials. This block was similar to the experimental block except that we used different distances of numbers and different physical sizes. For numerical distances of 3 units, the digits were 1-4, 3-6, 4 -7, and 6 -9 ; for numerical distances of 4 units, the digits were 1-5, 2-6, 3-7, and 4 -8 . For size distances of 3 units, the pair heights were 11-14, 13-15, 14 -16, and 15-21 mm; for size distance of 4 units, the pair heights were 12-15, 13-16, 14 -19, and 15-21 mm. Out of the 128 possible congruent trials-2 (numerical distances) ϫ 4 (stimuli per numerical distance) ϫ 2 (size distances) ϫ 4 (stimuli per size distance) ϫ 2 (opposite sides of fixation)-we randomly chose 16 trials. The same was done for the 128 possible incongruent and neutral trials.
Design
In each block, the following variables were manipulated: group (dyscalculia, dyslexia, or control), relevant dimension (physical size or numerical value), size distance (distance of 1, 2, or 5), numerical distance (1, 2, or 5), and congruity (incongruent, neutral, or congruent). Thus, we had a 3 ϫ 2 ϫ 3 ϫ 3 ϫ 3 factorial design. Group was the only between-subjects variable.
Procedure
The participant's task was to indicate, by pressing one of two optional keys, which of two digits in a given display was larger. In one block, the participant had to decide which of two digits in the given display was physically larger. In another block, the participant had to decide which of the two digits was numerically larger. The stimuli in each block were presented in a random order. Before the experiment began, participants were given a practice block. The participants were asked to respond as quickly as possible but to avoid errors. They indicated their choices by pressing one of two keys corresponding to the side of the display with the chosen digit.
Each trial began with a fixation point presented for 300 ms. Five hundred ms after the fixation point was eliminated, a pair of digits appeared and remained in view until the participant pressed a key (but not longer than 5,000 ms). A new stimulus appeared 1,500 ms after the participant's response. Each block was 30 min in length. All the participants did both of the blocks on the same day with a 10 -15-min break between them.
Results
Error rates were generally low (4% in the developmental dyscalculia group, 4.2% in the developmental dyslexia group, and 3.7% in the control group) and therefore were not analyzed. For every participant in each condition mean RT was calculated (only for correct trials). These means were subjected to a five-way ANOVA, with group as the only between-subjects factor and relevant dimension, physical size distance, numerical distance, and congruity as within-subject factors.
Five main effects were significant. Responding was fastest in the control group (mean RTs were 821 ms, 753 ms, and 526 ms, for the dyscalculia, dyslexia, and control groups, respectively), F(2, 48) ϭ 63.7, MSE ϭ 34,538, p Ͻ .001. Responding was faster in the physical task (669 ms) than in the numerical one (731 ms) ,  F(1, 48) Figure 2 . The numerical distance was significant only in the numerical task (when numerical dimension was relevant), F(2, 96) ϭ 49.163, MSE ϭ 7,508, p Ͻ .001, but not in the physical task. Group did not modulate this effect.
The Group ϫ Task ϫ Congruity interaction was significant, F(4, 96) ϭ 5.64, MSE ϭ 27,350, p Ͻ .05, 2 ϭ 0.726, and is presented in Figure 3 . In order to reveal the source of this interaction, we further analyzed the data for each task separately (Keppel, 1991) . We first examined the simple interaction effects of Congruity ϫ Group for each task. The Congruity ϫ Group interaction was not significant in the numerical task but was significant in the physical task, F(4, 96) ϭ 4, MSE ϭ 14,238, p Ͻ .05. Accordingly, and as can be seen in Figure 3 , in the numerical task there is no difference between groups in the pattern of the congruency. In the physical task, the simple main effect of congruity was significant in all three groups of participants ( Figure 3 , and according to our analysis, the congruity effect appeared in all three groups. However, in the dyscalculia group the numerical congruity effect (incongruent vs. In addition, it should be noted that the congruity (incongruent vs. congruent) was smaller in the dyscalculia group compared with that in the dyslexia group, F(1, 48) ϭ 5.8, MSE ϭ 2,485, p Ͻ .01, or with that in the control group, F(1, 48) ϭ 5.1, MSE ϭ 2,485, p Ͻ .01. No such significant difference was found between the dyslexia and the control group.
Discussion
Let us summarize the results.
1. Group did not modulate the numerical distance effect that appeared in the numerical task (when the physical dimension was irrelevant).
2. A similar congruity effect (of the irrelevant physical sizes) was found in all three groups in the numerical task.
3. In the physical task, when numerical dimension was irrelevant, the dyscalculia group showed a significantly smaller congruity effect compared with the dyslexia and the control groups (i.e., smaller effect of the irrelevant numerical values). This effect was composed only of an interference component in the dyscalculia group and of both facilitatory and interference components in the dyslexia and control groups. These findings with the dyscalculia group replicate the findings in Rubinsten and Henik's (2005) article.
4. There was a larger difference between the slow numerical processing and the fast physical processing in students with dyscalculia than in students with dyslexia or in normal controls.
The appearance of the distance effect in all three groups indicates that all the groups, including the dyscalculia group, were perfectly able to make a large versus small classification and that they all had an intact internal number line. However, the fact that the numerical congruity effect in the physical task (when numerical values were irrelevant) found in the dyscalculia group did not resemble the effect found in the dyslexia and the control groups might indicate that the ability of the dyscalculia group to automatically associate Arabic numerals with their internal representation of magnitude is not fully automatic. The pattern of numerical congruity in the physical size task presented by the dyscalculia group is similar to the one found with children at the end of first grade (Rubinsten et al., 2002) ; the numerical congruity effect is significantly smaller compared with normal university students, and it includes only the interference component.
Several reports have suggested dissociation between the interference and the facilitatory components of the Stroop effect (Henik, Singh, Beckley, & Rafal, 1993; Lindsay & Jacoby, 1994; Posner, 1978; Tzelgov, Henik, & Berger, 1992) . The facilitatory component is supposed to involve processes that are more automatic because they are less subject to strategic control (e.g., see . As was mentioned earlier, Posner (1978) suggested that facilitation is an indicator of automaticity, whereas interference might reflect attentional processing. The idea that people with developmental dyscalculia might have deficits in automatic processing related to numbers is not new. Koontz and Berch (1996) , for example, found that for children with arithmetic learning disabilities, naming three dots (i.e., saying the word three) took longer than naming two dots. This result suggests that the children with developmental dyscalculia were counting the dots. Thus, the subitizing (i.e., automatically determining the magnitude of small sets of numbers) range of children with developmental dyscalculia might have been smaller than that of the children in the control group. This might indicate that children with developmental dyscalculia have damage in automatic processing related to basic numerical processing.
It is known that an arbitrary keypress is much more difficult for people with learning disabilities (e.g., . Koontz and Berch (1996) found that children with arithmetical learning disabilities are slower in naming letters compared with those in a control group, and S. E. Shaywitz (2003) claimed in her review article that people with dyslexia are slower in reading. Moreover, the dyscalculia group in the current study showed a larger difference in general RT between the slow numerical processing and the relatively fast physical processing than the other two groups did. Hence, it seems that in dyscalculia, the ability to confront a physical dimension is very different from the ability to confront a numerical dimension. In contrast, in normal students or even in students with dyslexia, numerical values are processed much more like physical sizes. Considering the fact that physical sizes are automatically processed from infancy, we argue that in dyscalculia, numerical values are not being processed fast enough or in an automatic and efficient way. Note that the current study was carried out on adults and hence, it is necessary that a similar study is conducted with children in order to generalize our results to populations of children suffering from dyscalculia.
It should be noted that Landerl et al. (2004) tested groups of children suffering from developmental dyscalculia, dyslexia, both difficulties, and those with neither on a range of numerical tasks, including physical and numerical Stroop tasks. In contrast with our findings, in the Stroop task for the physical condition no effects of congruency were found in any of the groups. This is a surprising finding because many articles have reported a size congruity effect in the normal population (e.g., Henik & Tzelgov, 1982; Rubinsten et al., 2002; Tzelgov, Meyer, & Henik, 1992) . Hence, it would be expected that the effect would appear at least in the control group.
Experiment 2
Several reports have suggested that when two written letters with the same phoneme are manipulated (e.g., when children learn in each trial to associate two different graphemes with their phonemes), reaction times are longer and there are more errors compared with when two letters with different phonemes are manipulated (e.g., Lange, 2002; Mauer & Kamhi, 1996; Ziegler & Jacobs, 1995; Ziegler, Van Orden, & Jacobs, 1997) . The current study was designed to examine whether phoneme similarity has a unique effect on performance of students suffering from learning disabilities. More specifically, we used Navon figures (Navon, 1977) in order to determine whether phoneme similarity modulates the ability of these students to ignore irrelevant letters. Single Hebrew letters (i.e., global) were created by local letters that sound the same (i.e., a same sound trial; see Figure 1 ) or by letters that sound different (i.e., a different sound trial; see Figure 1 ). The participant's task was to name either the large letter (global) and to ignore the small letters (local) or, in a different block, to name the small letters and to ignore the large letter.
Note that in contrast with the incongruent and congruent trials in the numerical Stroop task, in the present task it was expected that RT to different sound trials would be shorter than RT to same sound trials. We refer to this effect as the phonological congruity effect.
As in the first experiment, we also wanted to look at the interference and facilitatory components by using neutral stimuli in which the irrelevant dimension did not trigger any irrelevant processing (i.e., it did not result in any facilitation or interference). Accordingly, the neutral stimuli were large Hebrew letters built of meaningless Gibson figures, which are arbitrary figures created out of digits and letters (e.g., , see Figure 4 for examples; Gibson, 1966) or large Gibson figures built of small Hebrew letters.
Method Participants
We used the same participants as in the previous experiment.
Stimuli
A stimulus display consisted of one large symbol (i.e., Hebrew letter or Gibson figure, e.g., ) that was built of a grouping of small symbols (i.e., Hebrew letter or Gibson figure) . The stimulus appeared at the center of a computer screen after the appearance of a temporary fixation point. The participant sat 60 cm from the screen. Each participant performed two kinds of comparisons. In one, the relevant dimension was the large letter (i.e., global task), and, in the other, the relevant dimension was the small letters (i.e., the local task). In every block there were 24 different stimuli. Within the set of stimuli prepared for each task, each stimulus was randomly presented three times (hence there was a total of 72 trials in each block). The 24 stimuli included 8 same sound, 8 different sound, and 8 neutral pairs of symbols. A same sound stimulus was defined as a stimulus in which both the large letter (global) and the small letters (local; e.g., the Hebrew letter that sounds like /t/ was written with small letters of that sound like /k/) had the same phonemes (e.g., the Hebrew letter that sounds like /t/ was written with small letters of that sound also like /t/; see Figure 1) ; a different sound stimulus was defined as a stimulus in which the large letter had a different phoneme from the small letters (local; e.g., the Hebrew letter that sounds like /t/ was written with small letters of that sound like /k/). A neutral stimulus was defined as a letter that appeared only on the relevant dimension (local or global), and on the irrelevant dimension a Gibson figure appeared (e.g., the Hebrew letter that sounds like /t/ was written with small Gibson figures such as , or in the global task a large Gibson figure was written with small Hebrew letters such as ).
We used four pairs of letters that have the same phoneme: Ꭽ and both sound like /a/, and both sound like /t/, and both sound like /v/, and and both sound like /k/. Hence, each letter had only one same sound option in each one of the tasks (e.g., in the global task the Hebrew letter that sounds like /t/ could appear only once as a same sound trial when it was written with small letters of that sound also like /t/. In the local task, it also could appear only once as a same sound trial when many small letters created a large letter). Notice that in each one of the tasks each such stimulus was presented four times. However, each letter in each one of the tasks had six different sound options (because there were six remaining letters out of the total eight that did not have the same sound). In such a case we might have had six times as many different sound trials compared with the same sound trials. In order to keep the factorial design, the computer randomly chose only one of the six optional letters. In this way the comparison between the same sound and the different sound was made by using the same letters (across all the participants). For the neutral trial, we used eight optional Gibson figures (see Figure 4) for each one of the eight Hebrew letters, from which the computer randomly chose only one of the Gibson figures for simultaneous presentation (this was done separately for each one of the participants).
In short, each block of the two tasks (global or local) had three different possible conditions (i.e., same sound, different sound, and neutral). Each condition had 24 trials: 8 (different stimuli) ϫ 3 (presentations) for a total of 72 trials per block.
Twenty-four practice trials preceded each one of the two experimental blocks. The practice block was similar to the experimental block except that we used different pairs of letters (only two pairs of letters). Because there are no other Hebrew letters that have the same phoneme, we used letters that are very close in their sounds (i.e., the letter that sounds as /ts/ with the letter that sounds like /z/, and the letter that in some cases sounds like /sh/ with the letter that sounds like /s/).
Design
The following variables were manipulated: group (dyscalculia, dyslexia, control), task (global or local), and similarity (same sound, different sound or neutral). Thus, we had a 3 ϫ 2 ϫ 3 factorial design. Group was the only between-subjects variable.
Procedure
The participant's task was to name either the global or the local letter (in separate blocks). Each participant took part in two sessions on the same day. Each session was composed of one block and one task. The stimuli in each block were presented in a random order. Before the experiment began, participants were given a practice block. They were asked to respond as quickly as possible but to avoid errors.
Each trial began with a fixation point presented for 300 ms. Five hundred ms after the fixation point was eliminated, the stimulus appeared and remained in view until the participant responded (but not for more than 5,000 ms). A new trial started 1,500 ms after response onset.
Results
Error rates were generally low (2% in the developmental dyscalculia group, 2.2% in the developmental dyslexia group, and 1.7% in the control group) and therefore were not analyzed. For every participant in each condition mean RT was calculated (only for correct trials). These means were subjected to a three-way ANOVA with group as the only between-subjects factor and task and congruity as within-subject factors.
Two main effects were significant. Responding was the fastest in the control group (mean RTs: 556 ms, 565 ms, and 506 ms for the dyscalculia, the dyslexia, and the control group, respectively), F(2, 48) ϭ 5, MSE ϭ 74,011, p Ͻ .05. There was also a significant phonological congruity effect, F(2, 96) ϭ 4.1, MSE ϭ 50,331, p Ͻ .01, with mean RTs of 569 ms, 541 ms, and 502 ms for same sound, neutral, and different sound pairs, respectively. There was no significant difference in RT between the two tasks.
The Group ϫ Congruity interaction was significant, F(4, 96) ϭ 4.7, MSE ϭ 50,331, p Ͻ .001, 2 ϭ 0.591, and is presented in Figure 5 . In order to reveal the source of this interaction, we examined the phonological congruity effect (same sound vs. different sound) in each group separately. As can be seen in Figure 5 , and according to our analysis, in the dyslexia group the phonological congruity effect, F(1, 16) ϭ 4.3, MSE ϭ 42,987, p Ͻ .05, was composed of neither facilitation nor interference (i.e., facilitation and interference components were not significant). Most important, this phonological congruity effect was smaller in the dyslexia group compared with that in the dyscalculia group, F(1, 48) ϭ 5. 
Discussion
Irrespective of task, all three groups were able to name single letters. However, whereas phoneme similarity modulated performance of the control and the dyscalculia groups, it had a very small effect on performance of the dyslexia group. The phonological congruity effect in this group was smaller than in the other two groups and showed no significant interference or facilitation. In the control and dyscalculia groups, the irrelevant letter could not be ignored and was processed automatically. It seems that in the control and dyscalculia groups each letter is strongly and automatically connected with its own sound.
The results of the control group fit other findings that indicate that multiple grapheme-phoneme associations are available and activated during phonological transcoding. For example, Lange (2002) found that letter detection is affected by phonological similarity between a target nonword and the original word used to produce the target.
Our experiment shows that people suffering from developmental phonological dyslexia have problems in automatically associating graphemes to phonemes. Mauer and Kamhi (1996) reached a similar conclusion. They taught children suffering from reading disabilities and matched controls (aged 5.2-9.3 years) to associate graphemes to phonemes. They found that the control groups learned to associate graphemes with their phonemes in significantly fewer trials than the children suffering from reading disabilities. Moreover, phonological similarity between the to-belearned letters produced much more difficulty in the children with reading disabilities than in the control children.
Several researchers have suggested that the ability to simultaneously attend to letters and their sounds (i.e., decoding) plays a fundamental role in establishing rapid word or letter recognition ability (Share, 1995; Share & Stanovich, 1995) . Share and Stanovich (1995) have argued that practicing decoding skills is an efficient way to strengthen word reading ability and to make it automatic. This may be achieved, for example, through selfteaching, which enables the learner to independently acquire an autonomous orthographic lexicon (for a review see Share, 1995) . Decoding letters into sounds provides a child with the means to both generate plausible pronunciations for unfamiliar visual words and to generate error signals that allow successive approximations to correct phonological patterns.
It is possible that the control and dyscalculia groups had an intact practice in associating letters with their phonemes. In contrast, people suffering from dyslexia, because of their phonological impairment, did not have such an intact practice. This fits with McCandliss and Noble's (2003) suggestion that there is a developmental sequence in acquiring reading skills-from phonological processing to grapheme-phoneme decoding. Functional anomalies in the left perisylvian region, which is related to phonological processing, may lead to childhood deficits in phonological processing that are crucial for grapheme-phoneme decoding. In normally developing children, successful application of decoding skills involves the visual word form. The visual word form is subserved by the fusiform gyrus, whose activation requires intact phonological skills subserved by perisylvian regions. Note, however, that Castles and Coltheart (2003) suggested that the ability to perceive and manipulate sounds of spoken language does not assist literacy acquisition, nor does the acquisition of reading and spelling ability affect phonological awareness. Rather, the association between the two (phonological awareness and decoding) arises because both are indices of orthographic skill. If this is the case, then it is not the phonological impairment that leads to problems in associating phonemes with letters, but rather people with dyslexia have specific problems both in phonological awareness and in automatically associating letters with phonemes. Our results cannot determine which suggestion (Castles & Coltheart, 2003 vs. McCandliss & Noble, 2003 is viable. They suggest that the strength of association between written letters and phonemes in developmental dyslexia is weak and not automatic.
General Discussion
The most interesting finding of this work is the dissociation of functions between people with dyslexia and dyscalculia: The dyscalculia group has problems in automatically associating Arabic numerals with their internal representation of magnitudes but has no problems in automatically associating letters with their phonemes, whereas the dyslexia group shows the opposite pattern. Steeves (1983) showed that 10% of the children suffering from dyslexia were considered to be very good mathematicians, 30% did not have any problems in math, and 25% had math problems that were due to reading difficulties (i.e., problems in reading the questions). Since the time of that study it has become an acceptable fact that math disorders can appear with or without reading disabilities. Our results support the suggestion that the development of symbolic competence in different symbolic domains (i.e., digits and letters), and more specifically, the ability to associate those symbols with their internal representations, is domain specific. These behavioral findings fit with suggestions that separate brain areas are associated with grapheme-phoneme and digit-magnitude correspondences (e.g., Dehaene & Cohen, 1995; Eger, Sterzer, Russ, Giraud, & Kleinschmidt, 2003; Fias et al., 2003; Pinel, Piazza, Le Bihan, & Dehaene, 2004; Price, Moore, Humphreys, & Wise, 1997; Rumsey et al., 1997) .
As was previously mentioned, the assessment of learning disabilities and methods for improving such disabilities require careful analysis of component skills. Educators are in need of empirically based screening and intervention tools for learning disabilities, and, hence, it is important to first clearly define what we seek to identify and remediate. Therefore, studying basic cognitive processes, such as the ability to automatically associate symbols with their mental representations, is necessary for developing efficient techniques for improving learning disabilities (Ansari & Coch, 2006; Rayner et al., 2001) .
For example, our work might point to the fact that before starting to learn mathematics or reading, children first need to be able to automatically and very efficiently associate symbols with their mental representations. More specifically, people suffering from dyslexia need to learn how to automatically associate letters with phonemes, and people suffering from dyscalculia need to learn how to automatically associate digits with quantities. Can this be done? Hasher and Zacks (1979) and Logan (1988) argued that the degree of automaticity is reflected in the speed of processing and correlates with proficiency; as skill develops processing becomes faster, which means that it is more automatic. Accordingly, practice with associations between phonemes and letters and between digits and magnitudes might improve reading and mathematical abilities of people suffering from dyslexia or from dyscalculia. Tzelgov and his colleagues (Tzelgov, Yehene, Kotler, & Alon, 2000) , for example, taught university students to associate Gibson figures (i.e., meaningless figures that were created from letters and digits) with magnitudes. They presented participants pairs of Gibson figures having adjacent values (i.e., Gibson figures that represent 1 and 2 or 2 and 3, etc.). The assigned values of the various Gibson figures were not presented to the participants, so that at the beginning of the study phase they were just guessing. After six study sessions participants showed a distance effect and size congruity effect with the Gibson figures. These effects appeared with pairs of figures never experienced before by the participants (recall that they experienced only Gibson figures indicating adjacent magnitudes like 3-4 but not those indicating magnitudes such as 3-5 or 3-7). Namely, the irrelevant size and/or quantity values of the Gibson figures interfered with comparisons of their relevant physical sizes. This indicates that the association between the Gibson figures and the magnitudes were automatized (see also Ashkenazi, Rubinsten, Goldfarb, & Henik, 2006) . We are now in the process of studying whether such effects with Gibson figures appear with children and adults suffering from learning disabilities.
Several articles point to two cortical areas that show dysfunction in developmental dyslexia. The first region, the left perisylvian area, typically involving the superior temporal gyrus, is essential for phonological processing (e.g., Price et al., 1997; Rumsey et al., 1997) . The second region, a portion of the left occipito-temporal extrastriate visual system, typically centered on or near the middle portion of the fusiform gyrus, has been associated with automatic processing of visual word form perception in skilled adult readers. That is, skilled readers develop a form of visual expertise that allows them to automatically combine the letters of a word into an integrated visual percept. This region is often referred to as the visual word form area (VWFA; for a review see Rayner & Pollatsek, 1995) .
As has been suggested by several researchers, and mentioned earlier in this article, the ability to simultaneously attend to letters and their sounds (i.e., decoding) plays a fundamental role in establishing rapid word or letter recognition ability (Share, 1995; Share & Stanovich, 1995) . B. A. Shaywitz et al. (2002) have provided support for the developmental connection between the ability to associate graphemes with phonemes and the development of the VWFA. In their study, involving over 140 children aged 7-18 years old, who either suffered from dyslexia or were nonimpaired, decoding ability was positively correlated with the degree of VWFA activation in response to pseudowords. This correlation suggests that efficient associations between graphemes and phonemes involve the left fusiform gyrus, which becomes tuned to word structure via experience.
What about representations of numbers and magnitudes? The parietal lobes are involved in the representation and manipulation of magnitudes (Dehaene & Cohen, 1995) . For example, by using fMRI Fias et al. (2003) found that a certain area in the left intraparietal sulcus was specifically responsive to abstract magnitudes, regardless of stimulus type (i.e., angles, lines, and two-digit numbers). Fias et al. showed that a region slightly anterior to the left intraparietal sulcus is particularly involved in Arabic number comparison. The authors suggested that this region might be responsible for the decoding (i.e., digit-magnitude association) of two-digit numbers. Cohen, Dehaene, Chochon, Lehericy, and Naccache (2000) reported the case of a patient who suffered from aphasia, deep dyslexia, and acalculia following a lesion to her left perisylvian area. She showed a severe impairment in all tasks involving numbers in a verbal format. In contrast, her ability to manipulate Arabic numerals and quantities was well preserved. That is, numerical processing was largely preserved as long as no decoding of numbers in a verbal format was required. When she was presented with Arabic numerals, she could access and manipulate the associated quantities. It should be noted that she had a brain lesion in the classical language areas but not in the left inferior parietal lobule that was found by using fMRI to be active during calculation tasks. Although the scope of Cohen et al.'s (2000) article prevented them from exploring the brain area that is related specifically to decoding Arabic numerals, their results together with those of Fias et al. suggest that part of the left parietal lobe is involved in the association of Arabic numerals and their internal representation of magnitudes. Although further research mainly in the field of number processing is needed, it could still be argued that different brain areas are associated with graphemephoneme and with digit-magnitude correspondences. The association of graphemes and phonemes involves a portion of the left fusiform gyrus (i.e., the VWFA), and associating Arabic numerals with their internal representation of magnitude might involve a part of the left parietal lobe. The reliance of decoding in separate brain areas might lead to the dissociation in functions reported in this work.
